This study tested the hypothesis that the initiating mechanism is a major determinant of the response to calcium (Ca) accumulation in myocardium. Cultured neonatal rat ventriculocytes were exposed to Na', K+ pump inhibition with 1 mM ouabain and metabolic inhibition with 20 mM 2-deoxy--glucose and 1 mM cyanide (DOG-CN) for up to 2 h. Microspectrofluorometry of myocytes loaded with fura-2 showed that ouabain resulted in a relatively rapid increase in [Ca2]i, up to 2-3 tM (two to threefold above peak systolic level) and that DOG-CN produced an initial decrease and then a relatively slow increase in ICa2+li up to peak systolic level. Electron probe x-ray microanalysis (EPMA) showed prominent increases in Na and Ca and decreases in K and Mg in cytoplasm and mitoshondria with both interventions, although the increases in Ca were greater with ouabain than DOG-CN. ATP was reduced by 58% after 1 and 2 h of ouabain and by 70 and 90% after 1 and 2 h of DOG-CN, respectively. Thus, ouabain produced greater calcium accumulation and less ATP reduction than DOG-CN.
Introduction
Myocardial ischemia leads to impaired energy metabolism, membrane dysfunction, and altered calcium (Ca) homeostasis (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . These metabolic and pathophysiological alterations are thought to lead to the progression of irreversible injury; however, the exact role of each of these factors is still unclear.
Specifically, some evidence suggests that a marked increase in cytosolic Ca2+ in ischemic or hypoxic myocytes can result in irreversible myocardial injury, whereas other observations suggest that alterations of energy metabolism may be of primary importance in the pathogenesis of irreversible myocardial injury (1) (2) (3) (4) (5) (6) .
Studies by Murphy et al. have indicated that the response of cardiac myocytes to calcium overloading is influenced by the mechanism of initiation of calcium accumulation (1 1, 12) . Specifically, these workers reported that cultured chick ventricular myocytes developed less severe acute injury when the myocytes became calcium loaded after Na+, K+ pump inhibition than after metabolic inhibition. In the same cellular model, however, Ishida et al. found that Na+, K+ pump inhibition produced more severe calcium accumulation than did metabolic inhibition, and that very profound metabolic inhibition was required to approximate the severity of cell injury induced by Na+, K+ pump inhibition (13). These findings have raised questions related to the dynamics of changes in calcium homeostasis, including free and total calcium pools, the relationship of changes in calcium and high-energy phosphate metabolism, and the potential for recovery after various perturbations affecting the intracellular calcium level.
To study various factors that may contribute to irreversible myocardial injury, we have used an isolated neonatal rat ventricular myocyte model (8) (9) (10) . In the present study, altered calcium homeostasis was induced by: (a) inhibition ofthe Na+, K+ pump by exposure to 1 mM ouabain, with secondary activation of Na+-Ca+ exchange (14) (15) (16) , and (b) by exposure of the myocytes to the metabolic inhibitors, 2-deoxy-D-glucose (DOG)' and sodium cyanide (CN) (17) . Dynamic intracellular Ca2+ concentrations ([Ca2+] i) were measured with the fluorescent indicator, fura-2 (18) , using quantitative microspectrofluorometry. The analytical electron microscope technique of electron probe x-ray microanalysis (EPMA) was used to measure the total content of calcium and other elements in subcellular compartments of individual myocytes (10) . These approaches have provided quantitative data regarding changes in free and total calcium under the same experimental conditions. In addition, alterations in calcium homeostasis were related to changes in high-energy phosphate metabolism, and specifically ATP levels, both during exposure to interventions and in the recovery period.
This study was performed to test the hypotheses that: (a) the dynamics of changes in cellular calcium homeostasis, including free and total calcium pools, differ in response to the mechanism of calcium loading; (b) the amount, distribution, 1 . Abbreviations used in this paper: CN, cyanide; DOG, 2-deoxy-oglucose; EPMA, electron probe x-ray microanalysis; LDH, lactic dehydrogenase; R, recovery; STEM, scanning transmission electron microscopy.
and duration of calcium overloading influences the severity of cell injury; and (c) the status of energy metabolism associated with calcium overloading is an important determinant of the capability of calcium-overloaded myocytes to compensate for homostatic alterations. The results indicate that the mechanism of calcium accumulation, as well as the magnitude and duration of altered calcium homeostasis, and associated changes in ATP levels, influence the potential for recovery from calcium loading in cultured neonatal rat ventricular myocytes.
Methods
Isolated myocyte model. Ventricular myocytes from the hearts of 2-3-d-old rats were cultured using previously described methods (10) . The myocardial cells were dispersed by a series of 20-min incubations at 370C in a nominally calcium-free, Hepes-buffered salt solution containing pancreatin (60 mg/100 ml) (Gibco Laboratories, Grand Island, NY) and type II collagenase (6,000-6,400 U/100 ml) (Cooper Biomedical, Freehold, NJ). Myocyte enrichment was achieved by the use ofa discontinuous step gradient ofPercoll (Pharmacia Fine Chemicals, Uppsala, Sweden) (19) . The cells were plated at a density of 1.5-1.8 million per 60-mm culture dish in culture medium (Gibco Laboratories) consisting of 68% DME, 17% medium 199 with Earle's salts, 10% horse serum, 5% FCS and antibiotics (10,000 U/ml penicillin, 10 mg/mi streptomycin). The calcium concentration was 1.8 mM. Cultures were exposed to 7% CO2 and maintained with the pH of the medium at 7.3 and at 370C in a tissue culture incubator.
Experimental protocols. Experiments were performed on 3-or 4-dold cultures that typically were composed of -85% beating myocytes.
Control cultures were incubated in serum-free medium 199 or in control Tyrode's solution consisting of (in millimolar): NaCl, 118; NaH2PO4, 0.8; MgSO4, 0.8; NaHCO3, 26.2; KCl, 5.4; glucose 5.6; and CaCl2, 1.8. Solutions were prepared with cell culture-grade reagents (Sigma Chemical Co., St. Louis, MO). Na', K+ pump inhibition was initiated by incubation in serum-free medium 199 or Tyrode's solution containing 1 mM ouabain. The concentration of ouabain was chosen on the basis of preliminary dose-response experiments that showed that 1 mM ouabain gave a reproducible and relatively rapid contracture. For metabolic inhibition, 20 mM DOG and 1 mM NaCN were added to serum-free medium 199 or Tyrode's solution. This dose of metabolic inhibitor was chosen based on previous work establishing the general response of cardiac myocytes to metabolic inhibition (8) (9) (10) . In experiments involving treatment of myocytes in culture dishes with DOG-CN for 2 h, treatment medium was changed at the end of 1 h to provide a second dose of DOG-CN, thus compensating for possible loss of CN due to formation of CN gas. Microspectrofluorometric experiments involved continuous superfusion with DOG-CN. Exposure to DOG and CN was performed in the presence and absence of glucose in the medium without important effect on the results. In recovery experiments, the control or test media were replaced with normal medium 199 containing 1.8 mM Ca2+. Experiments were performed with three culture plates in each group.
Measurement ofionic calcium transients. For experiments in which dynamic changes in ionic calcium were measured by quantitative microspectrofluorometry, myocytes were grown on laminin-coated, 25-mm-diam glass coverslips. The coverslips were treated with laminin (20 Mg/ml medium) (Collaborative Research, Lexington, MA) for 1 h before seeding with myocytes. After 3 or 4 d in culture, the myocytes were treated with phenol red-free medium 199 containing 1% FCS and 3.0 MM fura 2/AM (Calbiochem-Behring Corp., La Jolla, CA) for 30 min at 37°C. After the fura 2/AM loading period, the cells were equilibrated in fura-free medium 199 for 30-60 min, at which time the experiments were performed. (22, 23) .
EPMA ofsubcellular elemental levels. For these experiments, the culture dishes were coated with collagen gel (Collagen Corporation, Palo Alto, CA; 2.5 ml per 60-mm culture plate), forming a 1-2-mmthick layer as previously described (10) . Addition of a suspension of cells resulted in light colonization of the gels. 3 d later, media with unattached cells were removed and a second seeding ofcells was added. An additional 3-4 d were required for the cells to form beating colonies of myocytes. At that point, experiments were performed as described above. At the end of the experiments, a rectangle of collagen with a cluster of beating myocytes was cut free and moved onto filter paper (Millipore Corp., Milford, MA). The filter paper-collagen-myocyte preparation was snap frozen using a cryosnapper (Model 669; Gatan Corp., Pleasanton, CA) freezing device with a pair of copper blocks cooled to liquid nitrogen temperature (-196°C) (10, 24) . Cryosections were cut at a thickness of -150 nm using a ultramicrotome (model MT5000) with a cryosectioning attachment (model FS1000; both obtained from DuPont, Wilmington, DE). The sections were transferred to the analytical electron microscope using a cryotransfer stage device (model 626; Gatan Corp., Pleasanton, CA). Preparations were freeze dried under vacuum in the electron microscope (24) .
X-ray spectra were obtained and processed using a JEOL 1200 EX microscope (JEOL Inc., Bedford, MA and Tracor Northern). For analysis, the microscope was operated in the scanning transmission mode (STEM) at 120 kV, 30-degree specimen tilt, beam diameter of 20-60 nm, and beam current of 3 nA. The freeze-dried sections were maintained at -80°C during analysis. Scanning transmission electron micrographs of the freeze-dried cryosections also were obtained. Areas of interest were analyzed using the selected area raster mode, scan speed of lO s per frame, and variable magnification depending upon the area of interest to be analyzed. Specifically, randomly selected areas of cytoplasm and nuclei were analyzed at a magnification of 60,000; randomly selected mitochondria were analyzed at a magnification of 200,000, such that the entire raster was filled with the mitochondrion; and small inclusions at 350,000-500,000. The x-ray spectra were collected over the range of 0 to 20 KeV for 100 s at a resolution of 10 eV per channel. Elemental peak intensities were obtained by deconvolution of the spectra using a multiple least-squares fitting technique (25) . A computerized method was used for quantitative analysis of spectra, based on the direct relationship between peak-to-continuum ratio and elemental concentration (26, 27) . Spectral analysis included a computer fitting routine using the first and second derivatives ofthe major (K alpha) potassium peak (27) . The peak-free continuum used for the calculations was from 5.5 to 7.5 KeV. Continuum counts were corrected for counts from the copper grids and from the formvar films. Peak-to-continuum ratios were converted to elemental concentrations using weighting factors derived from standard curves obtained from freeze-dried sections ofgelatin-glycerol preparations containing different concentrations of various elements (25) . Values obtained were for total electrolyte concentrations, including bound and free, ionized components (24) (25) (26) (27) . The data were expressed as millimoles per kilogram dry weight, with the denominator based on the local mass density derived from the continuum ofthe x-ray spectra (24) (25) (26) (27) .
ATP assays. ATP levels were measured by HPLC of 6% perchloric acid extracts of the cultured cells. The medium was removed from the dishes and the myocardial cells rinsed twice with a normal saline solution. The cells were removed in 1 ml of ice-cold 6% perchloric acid with 50 AM bromodeoxyuridine as internal standard, the plates washed with a second 1 ml, and the combined solutions centrifuged. The time required to extract each sample was < 25 s. Protein was collected by centrifugation, solubilized in 1 M NaOH, and measured (28) . The supernatant was neutralized with 3 N KOH, filtered, and ATP measured by reverse-phase HPLC using an internal standard ratio ofATP and bromodeoxyuridine (29 (Tables I and II) . Upon exposure to media containing 1 mM ouabain, the cells ceased their contractile activity and developed contracture, and this was associated with near equalization of the systolic and diastolic fura-2 ratios at the systolic level of 1.87 after 15 min (Table I ). This was followed by further increase in the fura-2 ratio to 2.71 (44% above normal systolic level), indicating increased calcium loading with continued Nat, K+ ATPase inhibition up to 60 min. Thereafter, the fura-2 ratio plateaued such that 120-min values were essentially the same as those recorded after 60 min. After 60 min of 1 (Fig. 4) . Myocytes subjected to metabolic inhibition for 120 min also exhibited a progressive elevation of [Ca2+]i that slightly exceeded normal peak systolic level (10% increase in fura-2 ratio) by 120 min of treatment. When the myocytes were restored to normal medium, [Ca2J]i in most myocytes treated for 120 min did not return to diastolic levels and contractile transients did not resume during the 30-min recovery period (Fig. 5) .
Measurements of elemental contents. For EPMA studies, unstained freeze-dried cryosections were examined by STEM. Sections of control cultures exhibited well-preserved myocytes lacking distortion from freezing or specimen preparation (Fig.  6 ). After treatment with ouabain, cryosections exhibited numerous myocytes that contained electron dense deposits in the mitochondria (Fig. 7) . In addition, there were smaller electron-dense inclusions that appeared to have an extramitochondrial location. Similar mitochondrial and extra-mitochondrial inclusions were observed in some myocytes treated with DOG-CN, but such inclusions were less prominent with DOG-CN than ouabain treatment. EPMA data from cytoplasm and mitochondria are presented in Tables III and IV greater mass density of the mitochondria than the cytoplasm. After 1 h of exposure to 1 mM ouabain, Na increased markedly in cytoplasm (over sevenfold) and mitochondria (over 20-fold), Cl increased significantly (1.6-fold) in the cytoplasm, K decreased significantly (60%) in both compartments, Ca increased fivefold in the cytoplasm and over 200-fold in the mitochondria, Mg decreased markedly in the cytoplasm and to a lesser degree in the mitochondria (Table III and IV) . Upon return to normal medium for 30 min, myocytes showed a return to normal or nearly normal levels of all elements in the cytoplasm and mitochondria (Table III and IV) . 2 h of treatment with 1 mM ouabain produced significant increases in cytoplasmic and mitochondrial Na and Ca with concurrent and equivalent decreases in K and Mg. Compared with the 1-h treatment period, cytoplasmic Ca was unchanged, but mitochondrial Ca was substantially increased. Upon return to normal medium, cytoplasmic Na and Ca showed substantial recovery, whereas cytoplasmic K and Mg were still depressed. In mitochondria, Na, K, and Ca showed substantial recovery (Table I) . After 1 h of exposure to medium containing DOG-CN, relatively mild electrolyte alterations occurred, with cytoplasmic and mitochondrial Na tending to increase and K to decrease (Tables III and IV) . Cytoplasmic and mitochondrial Mg was decreased; however, total Ca was unchanged. Return to normal medium for 30 min resulted in a persistent increase in cytoplasmic and mitochondrial Na (2.5-and 5-fold) accompanied by a persistent decrease in Mg and normal K and Ca. 2 h of DOG-CN treatment produced significant increases in cytoplasmic and mitochondrial Na and significant decreases in K and Mg. Total Ca was increased in the cytoplasm and tended to increase in the mitochondria; however, the magnitude was much less than the levels produced by ouabain. Return to normal medium for 30 min resulted in substantial reduction in Na and return to normal levels of K and Ca while Mg remained significantly depressed.
Cytoplasmic and mitochondrial S in most treatment groups was decreased. Cytoplasmic P in most treatment groups was decreased, whereas mitochondrial P tended to increase in relationship to mitochondrial Ca accumulation.
ATP levels. After 1 h of treatment with 1 mM ouabain, cultures exhibited a 58% decrease in ATP content (Table V) whereas long term recovery of ATP levels was depressed at a lower level after treatment for 2 h than 1 h, particularly in the ouabain groups (P = 0.016).
Discussion
Altered calcium homeostasis has been postulated to have an important role in the pathogenesis of irreversible myocardial ischemic injury because calcium overloading accompanies such injury in several experimental conditions (1, 5, 6, (31) (32) (33) . However, it is also possible that other metabolic alterations, including impaired energy metabolism, lactate accumulation, and acidosis, may be of primary importance in the pathogenesis of irreversible injury, with calcium accumulation simply representing a secondary consequence (1-3) . Indeed, the onset of irreversible myocardial injury appears to be associated with a reduction of ATP to a critical level below which essential metabolic and ionic regulatory processes can no longer be maintained (1, 2) . Thus, the purpose ofthis study was to evaluate the relationship among calcium accumulation, ATP increase in Na and a decrease in K and Mg. EPMA showed that the mitochondria and small electron dense inclusions, possibly representing elements of sarcoplasmic reticulum, Figure 7 . STEM of myocytes subjected to Na+, K+ pump inhibition by incubation in 1 mM ouabain for 2 h. Note the numerous electron-dense inclusions in the mitochondria, and other inclusions which appear to be extramitochondrial in location (arrowheads). X 17,000.
were the major sites ofcalcium accumulation, but that a significant increase in total calcium also occurred in the cytoplasm. These findings are consistent with the documented propensity of mitochondria and sarcoplasmic reticulum to accumulate calcium when cells are presented with an excess calcium load (1, 31, 32, (35) (36) (37) (38) . EPMA measurements also showed that the elevated calcium in the mitochondrial and extramitochondrial sites was associated with increased phosphorus, indicating the formation of calcium phosphate precipitates (10, 31, 32) . It is unlikely that such precipitates contributed to the elevated fura-2 signals reflecting increased free [Ca2+] : in such cells. The decreased phosphorus in the cytoplasm probably resulted from loss of inorganic phosphate from this compartment after ATP breakdown (10, 31, 32) . Na+, K+ pump inhibition and metabolic inhibition both produced elemental alterations; however; differences were ob- (49) . In myocytes incubated with metabolic inhibitors, the mechanism of calcium loading involved impairment of energy metabolism eventually resulting in ATP depletion and subsequent impairment of ATP-dependent membrane ionic transport (8-10, 17, 50) . The progressive ATP depletion resulted from direct inhibition of ATP synthetic pathways, with inhibition ofglycolytically derived ATP potentially having the major effect on vital cell functions (8-10, 17, 50-57) . In response to DOG and CN, myocytes developed Ca> accumulation more slowly and to a lesser degree than with ouabain. Others have reported the rapid development of contracture and Ca> elevation within minutes in response to DOG and CN (50, 51) . Variation in the rate of onset of contracture may be related to differences in experimental preparations or to biological differences related to species and age of the cardiac myocytes. The rate and magnitude of ATP depletion also is a significant factor in the rate and magnitude of Ca2> accumulation (44 (11, 12) . After 2.5 h of Na+, K+ pump inhibition, the ATP level was still only modestly (32%) reduced, but there was a twofold increase in LDH release. In contrast, myocytes treated with iodoacetate and an uncoupler ofoxidative phosphorylation exhibited similar increases in calcium which were associated with marked reduction of ATP and significant, 10-fold LDH release (11, 12) . Ishida et al. reported somewhat different observations in cultured embryonic chick ventricular cells exposed to various forms of metabolic inhibition and Na+, K+ pump inhibition for up to 6 h and then allowed to recover in serum-free medium for 24 h (13). Exposure to 20 mM DOG and 1 mM CN caused marked electrolyte changes, including a fivefold increase in total calcium (atomic absorption spectrophotometry), coincident with ATP depletion to one-tenth normal levels. This produced only slight cell injury, evidenced by increased LDH release, followed by recovery to normal of ATP, Na, and Ca levels, although a persistent reduction in K was noted. More marked ATP depletion (to one-hundredth normal values) was produced by hypoxia plus DOG and zero glucose, and was associated with much more severe cell injury manifested by LDH loss. Ouabain (1 mM) exposure resulted in a much greater Ca gain (20-30-fold), and ouabain effects were not reversible after a 15-fold or greater increase in Ca content was produced, and were associated with significant LDH release. (72) (73) (74) .
Although these and previous studies have now established that Ca2+ increases early in the course of metabolic inhibition and hypoxic injury in isolated myocytes and ischemia in isolated perfused hearts, the exact role of calcium overloading in the genesis of myocardial ischemic membrane injury remains to be determined. Nevertheless, it is possible that in energydepleted cells, an increase in cytosolic Ca2+ of sufficient magnitude and duration may induce a series of events leading to irreversible injury. Phospholipid degradation appears to be important in this process (7-9, 75, 76) . Another issue is the functional consequence of calcium overloading of injured myocytes. Calcium loading contributes to the development of contracture in energy impaired cardiac myocytes, and recovery from contracture is possible depending upon the degree of metabolic impairment ofthe myocytes (49, (77) (78) (79) . There also is evidence that calcium loading may contribute to the functional defect that follows transient myocardial ischemia (80, 81) . Thus, the effects of calcium loading on energy deficient myocytes may range from the development of significant contractile impairment to irreversible injury depending upon the severity of metabolic impairment at the time of calcium loading.
In 
